This work studies the behavior of Ag + ions incorporated in different silica-based glassy matrices. To this end, Ag-doped silica coatings, prepared via sol-gel and deposited on pure silica and soda-lime glasses, are investigated by means of structural and optical spectroscopy techniques. Silver tends to segregate towards the interface during the annealing process, but in the case of soda-lime glassy substrates the exchange process favors its diffusion into the substrate. The environment of Ag + ions during the annealing process determines their final oxidation state. In the pure silica matrix, Ag + ions are found to be unstable and tend to reduce to Ag 0 , with the subsequent formation of metallic nanoparticles. However, the presence of network formers and modifiers gives rise to the appearance of nonbridging oxygen, which allows the stabilization of Ag + ions in the matrix.
I. INTRODUCTION
In recent years, growing attention has been paid to the techniques of metal incorporation in glassy matrices, in view of the optical properties that can be obtained. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] For instance, the incorporation of isolated metal ions (mainly Ag + and Cu + ) in glass gives rise to an intense photoluminescence (PL) emission, which is potentially useful for optoelectronic applications, and a concurrent change in the refraction index with the consequent formation of light waveguides. [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] On the other hand, the metal ions may be reduced, causing them to aggregate and form metal nanoparticles that exhibit other interesting optical properties such as high nonlinear susceptibility, optical absorption ascribed to plasmon resonances, and so on. 1, 9, [21] [22] [23] [24] [25] In both cases the matrix plays a crucial role in controlling the metal oxidation/reduction processes and, thus, the final properties of the system. It is interesting to note that PL emissions from Ag + ions in glassy matrices can shift from UV to the VIS-green region of the spectrum depending on the composition of the matrix. 12, [15] [16] [17] [18] [19] [20] This work addresses the kinetics of Ag ions in glassy matrices and the interaction between these ions and their environment, determining the parameters that control diffusion, oxidation/reduction, and aggregation processes and therefore the optical response of the system. For this purpose, Ag-doped silica coatings were prepared via sol-gel on pure silica and soda-lime substrates and subjected to different annealing processes. In this way we attempt to study the evolution of optical properties as silver diffuses from the coating to the substrate, and thus its interaction with the environment.
II. EXPERIMENT
Thin silica glass films doped with silver ͑SiO 2 :Ag͒ were prepared by a sol-gel dip-coating method. The starting solutions, with a final composition of 99SiO 2 ·1Ag͑mol % ͒, were prepared using silicon tetramethoxide, silicon methyltriethoxide, and AgNO 3 as precursors. Hydrolysis was carried out at pH ϳ 2 using HNO 3 as the catalyst and CH 3 OH as the solvent. The TMOS: MTES: CH 3 OH:H 2 O·͑HNO 3 ͒ :H 2 O 2 molar ratio used to prepare the sols was 1:1:14:5:1. Hydrogen peroxide was added as an oxidizing agent in order to preserve the silver as Ag + , thus preventing the formation of metal silver particles and favoring its incorporation in the gel network as Ag + . The sols were colorless and without any precipitate, which indicates that silver was present as Ag + in the matrix. The films were deposited on pure silica and commercial soda-lime glass slides by dipping the previously cleaned slides into the solution and lifting them out by means of a motor operating at a constant speed in order to ensure thickness homogeneity. The samples were then dried at 60°C for 5 -10 min and subsequently heated for 1 h in air at different temperatures between 60 and 500°C. The coating thickness varied between 200 and 400 nm. No clear dependence of coating thickness on the annealing temperature was found, although the thickest coatings were seen to correspond to intermediate annealing temperatures. In order to promote the diffusion of silver to the substrate, one sample prepared on a silica substrate and annealed at 500°C was subsequently reannealed at 1000°C for 1 h.
a)
Author to whom correspondence should be addressed; electronic mail: miguelag@renfe.es Rutherford backscattering spectroscopy (RBS) measurements were carried out using a 4He + beam at energy of 2.2 MeV. Secondary ion mass spectra (SIMS) measurements were performed by negative secondary ion detection using a 10 KV Cs + primary beam (the sample potential was fixed at +4.5 KV) with final impact energy of 14.5 KeV. X-ray photoemission spectroscopy (XPS) analysis was performed using a VG Microtech model MT 500 spectrophotometer with a Mg K␣ 1.2 anode x-ray source ͑h = 1253.6 eV͒, with primary beam energy of 15 kV and an electron current of 20 mA. In order to remove surface contamination, Ar + -ion sputtering was carried out for 5 min with primary beam energy of 5 kV and an ion intensity of 10 mA. PL excitation (EX) and emission (EM) spectra were performed using a Perkin-Elmer LS-5 spectrofluorometer. This device provides corrected EX and EM spectra in the 230-700 and 250-720 nm ranges, respectively.
III. RESULTS

A. Structural characterization
Figure 1(a) shows concentration profiles for a coating deposited on silica annealed at 500°C (measured by SIMS and normalized according to RBS data). As may be expected, the Si and O concentrations are almost constant throughout the deposited layer. Besides, a large amount of carbon impurities from the residual metal-organic precursors remain in the coating after annealing (ϳ9% atomic fraction). This concentration is almost constant for all the samples annealed at different temperatures in the 60-500°C range. Near the coating surface the silver concentration is about 0.8at. %, and at the interface there is a segregation peak at around ϳ6at. %, irrespective of the annealing temperature [see Fig.  1(b) ]. The coating-substrate interface is not sharp and partial silver in-diffusion can be observed. Furthermore, as the annealing temperature rises, the amount of silver present in the coating is seen to diminish, while the amount of silver in the substrate (beyond the segregation peak) rises. RBS measurements also indicate silver segregation in a ϳ20 nm thick layer at the outer surface of the coating.
A completely different behavior is found for the coatings deposited on soda-lime glassy substrates. Figure 2 displays Ag and Na concentration profiles for the coatings annealed at different temperatures. It can be seen that most of the silver segregates near the interface and the total amount of silver in the analyzed region decreases as the annealing temperature rises. Carbon impurities are also found in the coatings in this case, with an equivalent concentration to those deposited on silica substrates. XPS analysis confirms the presence of Si, O, Ag, Na, and C in the coatings. Spectra for the samples before and after 5 min of Ar + sputtering show similar features, except for a decrease in the C 1s signal due to the removal of surface contamination. Figure 3(a) shows the Ag 3d core-level emission corresponding to coatings deposited on silica substrates and annealed at different temperatures after 5 min of Ar + -ion sputtering. For the coating annealed at 500°C, no peak related to the presence of silver is observed, whereas the spectrum corresponding to the coating annealed at 60°C exhibits the Ag 3d doublet clearly defined at 368.4 eV binding energy. The position of these peaks indicates that silver is present as Ag 0 ͑368.3 eV͒ and not as Ag 2 O ͑367.8 eV͒ or AgO ͑367.4 eV͒. 26 The absence of oxidized silver is confirmed by the oxygen spectra. Figure 3(b) shows the O 1s core-level emission corresponding to the same samples. Both present similar O 1s spectra, showing a well-defined peak only at 532.4 eV, which can be attributed to SiO 2 . Emissions from silver oxides (located at ϳ529.4 eV for Ag 2 O and at ϳ528.4 eV for AgO) are completely absent.
B. Optical properties
Irrespective of the substrate and annealing temperature, all the as-prepared coatings are transparent and the optical absorption spectra do not show the 410 nm band characteristic of silver nanoparticles. 1, 9 However, after two months of ageing the coatings prepared on silica substrates exhibit a faint yellowish coloring characteristic of Ag-cluster formation.
The Ag-doped coatings deposited on silica substrates do not exhibit any luminescence besides that already observed and reported for pure silica coatings, 9, 27 which is characterized by an intense PL emission band centered at about 370 nm. In contrast, the coatings prepared on soda-lime substrates present an intense emission band centered at about 320 nm upon photoexcitation with UV light, as can be seen in Fig. 4 . The excitation spectra corresponding to this emission exhibit a peak centered at about 228 nm, which has already been reported. 9 This band has previously been ascribed to the presence of Ag + ions in glassy matrices. Its intensity increases in line with the annealing temperature up to 375°C, but decreases at 500°C.
The absence of PL emissions in the coatings deposited on silica substrates may in principle be ascribed to the presence of Ag 0 (pointed out by XPS results). However, there is another possible explanation that needs to be ruled out, based on the presence of many residual OH groups from the precursors present in the glassy network when the matrix is annealed at temperatures below 1000°C. The energetic vibrational modes of these groups may provide a nonradiative deexcitation path. In order to verify this possibility, a coating deposited on a silica substrate and annealed at 500°C was subsequently reannealed at 1000°C for 1 h in air. After this treatment the sample remained transparent and SIMS measurements showed that there was no silver in the coating but that it had passed into the substrate. Neither in this case PL emissions characteristic from silver were observed.
IV. DISCUSSION
All the as-prepared coatings are transparent, confirming that no silver nanoparticles larger than 1 nm diameter are formed and that silver is probably dispersed in an atomic state in the glassy network, in the case of both silica and soda-lime glass substrates.
For soda-lime substrates, SIMS results confirm that even at low annealing temperatures the silver content is significantly lower than that found in silica substrates, and a detectable diffusion of silver into the substrate can be observed. Silver diffusion from the coatings on soda-lime glass substrates is favored by the ion exchange process, which also occurs at low temperatures, between Ag + in the coating and Na + in the substrate, with the subsequent interdiffusion of the two species in order to maintain the electrical neutrality of the glass. 4, 5, 8 This result is consistent with the PL spectra, which exhibit the emission band characteristic of the presence of Ag + . With silica substrates, the silver concentration gradient may be the main driving force for silver diffusion from the coating to the substrate. Furthermore, because the silver diffusion coefficient in silica is lower than in soda-lime glass, 28 more thermal energy is required to observe an appreciable diffusion of silver into the silica substrate. Segregation to the interface is observed with both the silica and soda-lime substrates, indicating that this process is characteristic of the coating and independent of the substrate. This concentration peak may be ascribed to defects at the interface related with the preparation method.
As far as the optical properties of the coatings are concerned, Ag + ions are known to be luminescent in both crystalline and glassy matrices. In particular, for silica-based glassy matrices, emission takes place between 300 and 450 nm, depending on the network nature and composition. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] In contrast, no PL emission due to Ag 0 atoms has been reported to the best of our knowledge.
In the case of coatings prepared on silica substrates, XPS measurements confirm that silver is present as Ag 0 and that no Ag + is detected in the coating. As may be expected, no PL signal characteristic of Ag + ions is detected for those samples. Moreover, since a yellowish coloring is observed two months after their preparation, it is suggested that the Ag + ions in these coatings are unstable, being mainly reduced during annealing even at low temperatures ͑60°C͒. Both the higher silver concentration in the coatings deposited on silica substrates and the evidence that Ag 0 diffuses much more easily than Ag + (Ref. 28) can explain the nucleation and growth of nanoparticles and the yellowish coloring shown by these samples after two months of ageing.
For the coatings deposited on soda-lime substrates, the increase in the PL emission with the annealing temperature (up to 375°C) is directly correlated with the increase in Ag atoms that diffuse towards the soda-lime substrate during the process (see Fig. 2 ). Since the Ag 0 atoms that remain in the coating after the annealing process are Ag 0 (for these atoms the substrate is irrelevant), the Ag + ions that cause the luminescence must be in the substrate or at the interface. The decrease in PL intensity observed for the sample annealed at 500°C is correlated both to the lowering of the silver concentration and the start of a thermally activated reduction of silver.
The main difference between pure silica glass and silicabased glasses is the presence in the latter case of network modifiers (such as Ca and Na for soda-lime glasses). These elements generate nonbridging oxygen, with nonsaturated bonds, which should act as pinning centers for the Ag + ions, therefore favoring their stability. As has already been mentioned, several studies have shown that the PL emission ascribed to Ag-doped glasses appears in different regions of the spectrum depending on the glass composition and the type of network formers/modifiers, supporting the idea that Ag + ions must be close to these atoms, and hence that they modify the Ag + energy levels and shift the PL emissions. We therefore propose that silver atoms in pure silica networks are stable only as Ag 0 atoms, and not as Ag + . The presence of nonbridging oxygen (generated by the network modifiers) is necessary to allow the stabilization of Ag + ions, which yield to PL emission in the UV, and this is why PL emissions from silver in pure silica substrates are not reported in the literature. In this respect, Pivin recently found a very faint PL emission from Ag + in pure silica 29 in Ag-implanted samples (the implantation process can break some bonds, creating nonbridging oxygen). Furthermore, PL measurements with time resolution carried out on silver ruby glass 30 pointed towards a possible donor-acceptor pair that is responsible for PL emissions ascribed to the presence of Ag + in glasses.
V. CONCLUSIONS
In summary, it has been found that Ag + ions diffuse in pure silica matrices during annealing processes, being reduced to Ag 0 and subsequently forming silver metallic nanoparticles, even in oxidizing atmospheres such as air. However, if there is a large amount of nonbridging oxygen in the glassy matrix (due to the presence of network formers/ modifiers) the Ag + ions bonded to this oxygen remain stable and give rise to their characteristic PL emission. Since silver atoms are pinned to the nonbridging oxygen (and are therefore close to the network modifiers), their PL properties are strongly dependent on the glass composition.
